Purpose. Limited resection is an increasingly utilized option for treatment of clinical stage IA lung adenocarcinoma (ADC) B2 cm (T1aN0M0), yet there are no validated predictive factors for postoperative recurrence. We investigated the prognostic value of preoperative consolidation/tumor (C/T) ratio [on computed tomography (CT) scan] and maximum standardized uptake value (SUVmax) on 18 F-fluorodeoxyglucose-positron emission tomography (PET) scan. Methods. We retrospectively reviewed 962 consecutive patients who underwent limited resection for lung cancer at Memorial Sloan-Kettering between 2000 and 2008. Patients with available CT and PET scans were included in the analysis. C/T ratio of 25 % (in accordance with the Japan Clinical Oncology Group 0201) and SUVmax of 2.2 (cohort median) were used as cutoffs. Cumulative incidence of recurrence (CIR) was assessed. Results. A total of 181 patients met the study inclusion criteria. Patients with a low C/T ratio (n = 15) had a significantly lower 5-year recurrence rate compared with patients with a high C/T ratio (n = 166) (5-year CIR, 0 vs. 33 %; p = 0.015), as did patients with low SUVmax (n = 86) compared with patients with high SUVmax (n = 95; 5-year CIR, 18 vs. 40 %; p = 0.002). Furthermore, within the high C/T ratio group, SUVmax further stratified risk of recurrence [5-year CIR, 22 % (low) vs. 40 % (high); p = 0.018]. Conclusions. With the expected increase in diagnoses of small lung ADC as a result of more widespread use of CT screening, C/T ratio and SUVmax are widely available markers that can be used to stratify the risk of recurrence among cT1aN0M0 patients after limited resection.
Lung cancer remains the most common cause of cancerrelated death in the United States. 1 Approximately 80 % of lung cancer patients are diagnosed with primary non-small cell lung cancer (NSCLC), of which the most common histologic subtype is adenocarcinoma (ADC). 2, 3 Recent improvements in imaging technologies and the widespread use of computed tomography (CT) screening have increased the probability of detecting small-sized, early-stage lung ADC (lung nodules that usually present in the periphery of the lung before onset of symptoms). [4] [5] [6] Lobectomy with hilar and mediastinal lymph node dissection is currently the standard oncologic resection for operable NSCLC. 7 Alternatively, with the aim of preserving pulmonary function, others have advocated for limited resection for low-grade malignancy lung cancers, especially ADCs, including ground-glass opacity (GGO). 8 Areas of GGO on chest CT Electronic supplementary material The online version of this article (doi:10.1245/s10434-013-3212-2) contains supplementary material, which is available to authorized users.
imaging often present as lepidic-predominant ADC, typified by lepidic growth along alveoli, without invasive areas. [9] [10] [11] Previous studies have implied that the ratio of GGO component to solid component may be linked to the grade of the ADC malignancy. [12] [13] [14] [15] Furthermore, these studies have implied that the GGO/solid ratio is related to ADC aggressiveness and, consequently, to the risk of nodal involvement. 12, 16 However, a recent, large, phase II study demonstrated that preoperative radiographic findings on CT cannot accurately diagnose the pathologic invasiveness of small lung ADCs. 17 Positron emission tomography (PET)/ CT with 18 F-fluorodeoxyglucose (FDG) has become an integral part of NSCLC evaluation. 18, 19 Small-scale studies have demonstrated the role of FDG-PET/CT in assessing the biological status of cancers, but these investigations require confirmation in larger and more homogeneous cohorts. [20] [21] [22] The ability to preoperatively distinguish biologically aggressive tumors from indolent tumors is highly desirable, and it may help surgeons to choose the most appropriate resection.
The purpose of this study was to assess the correlation between preoperative C/T ratio and SUVmax and postoperative recurrence in a cohort of early-stage lung ADC (B2 cm) patients treated with limited resection.
PATIENTS AND METHODS
Following approval by the institutional review board at Memorial Sloan-Kettering Cancer Center (MSKCC), we performed a retrospective review of 962 consecutive lung ADC patients who underwent limited resection for a lung nodule between January 2000 and December 2008. Medical records and a prospectively maintained database were reviewed to determine clinical variables. Exclusion criteria are listed in Fig. 1 . Histologic diagnoses were based on the 2004 World Health Organization criteria for lung ADC. 23 Pathologic stage (as defined in the 7th edition of the Union for International Cancer Control/American Joint Committee on Cancer TNM classification 24 ) was determined by review of pathology reports. Patient medical records were reviewed to determine the clinical rationale for limited resection. In this investigation, limited resection was defined as either wedge resection or anatomical segmentectomy.
Radiologic Evaluation of the Tumor
Tumor shadow images with size analysis were acquired by CT scan from the supraclavicular region through the adrenal glands. Axial CT scans for each patient were interpreted by two authors (J.N. and A.J.B.), who also measured tumor dimensions. Using the lung window setting, the radiologists confirmed the maximum tumor diameter and estimated the GGO and consolidation extent within the tumor.
Definition of Consolidation/Tumor (C/T) Ratio
To determine whether radiologic tumor density could serve as a predictor of tumor aggressiveness, we investigated C/T ratio. C/T ratio was defined as the proportion of the maximum consolidation (C) diameter divided by the maximum tumor (T) diameter. The maximum tumor diameter, the consolidation diameter, and the presence and extent of consolidation or GGO component in the tumor were determined digitally on the basis of the findings of CT scan of the lung window. The consolidation component was defined as an area of increased opacification that completely obscured underlying vascular markings. GGO was defined as an area of a slight, homogeneous increase in density that did not obscure underlying vascular markings. In statistical analyses using C/T ratio, a cutoff value of 25 % was used for correlation with postoperative recurrence and survival in our study cohort, on the basis of results obtained by the Japan Clinical Oncology Group 0201 investigation. 25 
Technique of FDG-PET
All patients were evaluated by PET scan, and the maximum standardized uptake value (SUVmax) was recorded. PET scans were performed at multiple locations; 86 of the 181 included patients (48 %) underwent PET scan at MSKCC. For PET scans performed at MSKCC, patients received 10-15 mCi (370-555 MBq) of FDG intravenously, after fasting for a minimum of 6 h. Before injection, plasma glucose was measured and was \200 mg/dL in all patients. Approximately 60-90 min after injection, PET torso images were acquired using GE Advance (GE Medical Systems, Waukesha, WI) or EXACT HR plus (Siemens/CTI, 
Clinical Follow-up and Outcomes
The primary endpoint of our study was postoperative recurrence, as verified by biopsy. All patients were evaluated postoperatively with chest X-ray, chest CT scan, and PET scan, when clinically indicated, in addition to periodic clinical follow-up, in accordance with National Comprehensive Cancer Network guidelines. 26 Chest CT imaging was performed every 4-6 months for the initial 2 years postresection and then yearly after that. If patients were symptomatic, appropriate, standard-of-care testing was performed. Recurrences were classified in accordance with the Society of Thoracic Surgeons Workforce recommendations. 27 
Statistics Analysis
Associations between clinicopathologic variables and histologic findings were analyzed using Fisher's exact test for categorical variables and the Wilcoxon test for continuous variables. Time-to-event endpoints were analyzed using competing risks analysis. Without competing risks analysis, simply censoring patients at the time of death would lead to a biased probability of recurrence (as estimated by the standard KaplanMeier method). Instead, the risk of recurrence [defined as the cumulative incidence of recurrence (CIR)] was estimated using a cumulative incidence function, which accounted for death without recurrence as a competing event. Patients were censored if they were alive and without a documented recurrence at the time of the most recent follow-up. Differences in CIR between groups were assessed using the methods of Gray. 28 All tests for statistical significance were two-tailed and used a 5 % level of significance. Statistical analyses were performed using SAS (version 9.2; SAS Institute, Cary, NC) and R (version 2.14.1; R Development Core Team, 2011), including the ''survival'' and ''cmprsk'' packages.
RESULTS

Clinical Data
Clinicopathologic variables are listed in Table 1 . A total of 181 patients were included in the study (Fig. 1) : 155 (86 %) stage IA, 19 (10 %) stage IB, 6 (3 %) stage II (by reason of N1 station), and 1 (1 %) stage III (by reason of N2 station). Seven patients (3.9 %) with T1a tumors had lymph node metastasis. There were no statistically significant differences observed in patient characteristics, such as age, sex, smoking status, tumor location, and pathologic stage; there were, however, statistically significant differences detected in surgical procedure performed, tumor size by CT, and pathologic tumor size. The median follow-up was 37 months (range 0.3-134 months); the 5-year CIR was 30 % (Fig. 2) .
Association Between C/T Ratio and Recurrence
The patients were classified into two groups by C/T ratio, as previously reported: low C/T ratio (\25 %) and high C/T ratio (C25 %). 25 Of the 181 patients eligible for analysis, 15 patients had a low C/T ratio, and 166 patients had a high C/T ratio. As shown in Fig. 3a , patients with a low C/T ratio had a significantly lower CIR compared with patients with a high C/T ratio (5-year CIR, 0 vs. 33 %; p = 0.015).
Association Between SUVmax and Recurrence
SUVmax ranged from 0.6 to 16 (median, 2.2; mean ± SD, 2.5 ± 2.4). We categorized tumors into two cohorts based on the median SUVmax (2.2): low (\2.2; n = 86) and high (C2.2; n = 95). High SUVmax was associated with increased risk of recurrence compared with low SUVmax (5-year CIR, 40 vs 18 %; p = 0.002; Fig. 3b ).
Association Between Combined C/T Ratio and SUVmax Groups and Recurrence
We next assessed the ability to further stratify patients in each C/T ratio group by SUVmax. In the low C/T group, all patients (n = 15) had SUVmax \2.2, and no recurrences were observed. In the high C/T group, SUVmax stratified two groups, with different prognosis: high SUVmax (n = 95) was associated with significantly increased risk of recurrence, compared with low SUVmax (n = 71) (5-year CIR, 40 vs. 22 %; p = 0.018). Overall, the risk of recurrence was significantly different (p = 0.003) between the three patient groups (low C/T and low SUVmax group, high C/T and low SUVmax group, high C/T and high SUVmax group) (Fig. 4) . Subgroup analysis of cohorts of patients who underwent PET or PET/CT scan at MSKCC or at outside centers did not reveal any significant differences (Supplemental Table 1 ).
DISCUSSION
Limited resection was once reserved for high-risk lung cancer patients who lacked the pulmonary reserve for formal lobectomy or who possessed multiple primary lung cancers requiring resection. Recently, the indication for limited resection has been extended to include early-stage lung cancers that are located peripherally and that demonstrate GGO predominance. 29, 30 With the increasing use of limited resection for early-stage lung ADC, it is important to identify the subgroup of patients who may be at increased risk for postoperative recurrence as a result of undergoing a nonanatomic resection. Herein, we have attempted to determine noninvasive modalities (C/T ratio and SUVmax) that can be used to inform and stratify a patient's risk of recurrence.
In this study, the 5-year CIR for patients who underwent wedge resection was higher than that for patients who underwent segmentectomy, but the difference was not significant (p = 0.33). We observed increased postoperative recurrence rates with C/T ratio C25 % and SUVmax C2.2. In our study cohort, patients with a C/T ratio C25 % experienced recurrence more frequently; this group was further stratified by SUVmax, identifying two discrete groups with markedly different recurrence-free survival. All patients with a C/T ratio \25 % survived without recurrence during the first 5 years, despite undergoing limited resection. In patients with a C/T ratio \25 % and in patients with SUVmax \2.2, limited resection was an adequate treatment, with disease-free survival rates nearly as high as those in similar groups of patients treated with lobectomy. This finding implies that these cutoffs may indicate a ''radiologic noninvasive tumor.'' Because most recurrences following limited resection are locoregional rather than distant, we performed a subgroup analysis and confirmed that C/T ratio C25 % and SUVmax C2.2 remained prognostic.
In addition to the limitations of retrospective studies, our investigation was potentially confounded by the fact that the PET scans included in our study were performed at multiple locations. Subgroup analysis found no significant FIG. 4 5-year recurrence-free probability stratified by combining consolidation/tumor (C/T) ratio and maximum standardized uptake value (SUVmax) differences between the MSKCC cohort and the cohort of patients who underwent scans at outside institutions.
CONCLUSIONS
This study demonstrates that C/T ratio (on CT scan) and SUVmax (on PET scan) may reflect the aggressiveness of cT1aN0M0 lung ADC. Our observations will be of use in designing future prospective clinical trials for T1aN0M0 lung ADC patients.
